The isothermal curing of polymethacrylimide (PMI) is studied through the use of dynamic mechanical analysis (DMA). Based on the growth rate of measured dynamic mechanical property, the relative conversion is defined to investigate the evolution of storage modulus at different curing temperatures. Hsich's nonequilibrium thermodynamic fluctuation theory, Avrami equation, and isoconversional methods are used to analyze isothermal cure kinetics of PMI. The results show that there are different increase modes of at low temperature range and high temperature range, respectively. In low temperature range, the relative conversion curves include a transitional stage which is found to be strongly frequency-dependent, but this stage is not observed in the relative conversion curve in high temperature range. During the isothermal curing process, the relative evolution of can be described by Hsich's nonequilibrium thermodynamic fluctuation theory and Avrami equation. Moreover, the values and evolutions of activation energy are different in two temperature ranges, which suggest that the curing mechanism probably has changed.
Introduction
Polymethacrylimide (PMI) is a kind of high-performance plastic foam, which was developed by a German company, Degussa, in 1972. It is widely used in the payload fairings and the interstage section of the Delta II satellite launch vehicle, the front end of the 4 Shinkansen high speed train of Japanese railway, space electronic antenna devices, the current Ferrari Formula 1 race cars, and so on. The broad applications are owed to its superior material performance such as high strength-to-density ratio, 100% closed cellular structure, higher levels of heat resistance and strength, good flame retardant properties, and attractive mechanical properties [1] [2] [3] [4] .
PMI is a kind of thermosetting polymeric foam with glutarimide rings in molecular structures [5] . It is traditionally prepared by heat treatment of block copolymers of acrylonitrile (AN) and methacrylic acid (MAA) in the presence of various foaming agents [5] [6] [7] . Since PMI has been invented, it has been studied by several authors with focuses such as preparation methods [5] [6] [7] [8] , properties [1] , cellular structures [9] , and applications [1, 3] . However, there are few studies on the cure kinetics of PMI. The fact is that, during the heat treatment, foam process and curing process go on at the same time to generate homogeneous structures which provide stable material properties and then a stable service life. Therefore, it is necessary to study the curing mechanism in order to master the proper time for curing and foaming processes and then achieve desirable properties.
The cure kinetics have been an academic research topic for many years; various methods have been reported for describing the cure kinetics of thermosetting resins [10] [11] [12] [13] [14] [15] . Avrami theory is one of the methods. It is originally used to describe the kinetic process of polymer crystallization. However, cross-linking lead to many molecular aggregates or high-molecular-weight particles during an infinite network formation [16] . Lu et al. [17] consider that, in a broad sense, crystallization can be considered as a physical form of crosslinking, and in some aspects the behavior of amorphous cross-linked polymers at a higher degree of curing reaction is similar to that of crystallization. Therefore, it is possible to predict the curing process of thermosetting resins through using Avrami equation. It has been used to study the cure kinetics of epoxy resins [16, 18, 19] . Isoconversional method is another approach applied to study the cure kinetics, which reveals the variations in the reaction mechanism which are accompanied by the changes in activation energy. They 
have been used to study the curing of epoxy resin and polyurethane systems [13, [20] [21] [22] . Traditionally, the common chemical analysis techniques attempting to study the curing process are Fourier transform infrared spectroscopy (FTIR) [23, 24] and differential scanning calorimetry (DSC) [25, 26] which detect the degree of the conversion of reactive groups and they have been used in previous curing researches [27] [28] [29] . As literatures [30] [31] [32] [33] [34] [35] [36] have reported, the curing process of PMI involves a series of complicated reactions including cross-linking. As thermosetting resin, once the cross-linking forms, PMI will not be softened and melted. The sensitivity and function of FTIR and DSC are much reduced at the last curing stage due to the increased consumption of reactive groups [37, 38] , whereas dynamic mechanical analysis (DMA) can monitor the variation of dynamic mechanical properties during the curing process with high precision. In technical literatures [39] [40] [41] [42] [43] [44] , DMA is mainly used in measuring the gel point and the glass transition temperature during curing process of thermosetting resins. It is hardly preferred to study curing process based on dynamic mechanical properties. In this paper, DMA is employed to study the isothermal curing process of PMI.
The work presented in this paper focuses on the changes of dynamic mechanical properties of PMI during isothermal curing process and the growth mode of the relative conversion which is defined based on the growth rate of dynamic mechanical properties at different isothermal temperatures. Furthermore, cure kinetics analysis is developed by Hsich's nonequilibrium thermodynamic fluctuation theory, Avrami equation, and the isoconversional methods. The results can provide basis for researching curing reaction characteristic and the forming technology of PMI.
Experimental
2.1. Sample Preparation. PMI specimens are prepared in two steps. A mixture of 110 g of AN, 90 g MAA, 1 g azobisisobutyronitrile (AIBN), and 3 g acrylamide (AM) is polymerized in a three-necked flask at the water-bath temperature of 65 ∘ C for 2 hours with a magnetic stirring rate of 150 r/min to ensure the mixture is well-mixed. Then, the mixture is injected into a chamber formed from two glass plates and an edge seal. The postpolymerization is performed for 72 hours at the waterbath temperature of 50 ∘ C. Regular plates are obtained. 
Test Method

Principle of Chemical Reaction
A series of chemical reactions may take place during the curing process.
Long chain molecular will be generated from the addition reaction between double bonds of AN and MAA. The reaction is shown in Scheme 1.
Chains of adjacent MAA and AN rearrange and glutarimide rings form resulting from imidization involving acid and nitrile units. It is the main reaction in curing process of PMI [5, 8] . The reaction is shown in Scheme 2.
It has also been suggested that cross-linking reaction may take place during the curing process, including the crosslinking reaction of AM [30] [31] [32] [33] [34] and the intermolecular crosslinking reaction of MAA [35] . The deamination reaction of AM and other molecules is shown in Scheme 3 and dehydration reaction of AM and other molecules is shown Advances in Materials Science and Engineering in Scheme 4. Scheme 5 shows the dehydration cross-linking reaction of MAA and adjacent molecules.
In addition, the intermolecular cross-linking of AN may form a cyclic polyimine structure frequently referred to as "ladder polymer" and the scheme is shown in Scheme 6 [35, 36] . Figure 1 shows DMA isothermal measurements of PMI at 180 ∘ C. (The timeline in Figure 1 (a) is logarithmic coordinates and results are shown in Figure 1(b) .) The change of dynamic mechanical properties could be divided into three stages. In the first stage, the test temperature increases from room temperature to 180 ∘ C rapidly, namely, heating stage. In this stage, and decrease rapidly to the minimum. tan initially increases and then decreases with forming a peak which corresponds to the rapid decline period of and . This stage could be due to the softening of PMI. In the second stage, initially undergoes a relatively slower increase process. It could possibly be ascribed to the imidization during the isothermal curing process of PMI (Scheme 2). So this slower increase period could be considered as the start of the reaction. Then, has an appreciable increase and spans three orders of magnitudes. In this period, the imidization reaction takes place and the formation of hexahydric imide rings is identified, while increases rapidly to an equilibrium value after the emergence of a small peak. Meanwhile, there are two peaks on the curve of tan . The first peak (when time is 13.66 min) which is relatively weak appears in the slow increase period of ; it may correspond to the cross-linking reaction (Schemes 3∼6). Nevertheless, the cross-linking is limited because of the low temperature. As a result, the corresponding peak is weak. The second peak (when time is 158 min) appears in the rapid increase period of , corresponding to the imidization reaction shown as in Scheme 1. In the third stage, the reaction goes into the final period when the variation of , , and tan tends to slow down and gradually reach balance. Thus, the isothermal curing process is over. Figure 2 shows the isothermal curing curves of PMI at 200 ∘ C. During the second stage, the rapid increase periods of and are significantly faster than the ones at 180 ∘ C because high temperature is more conducive to curing process. In this period, the tan curve still has two peaks. The first peak (when time is 33.2 minutes) is stronger than that at 180 ∘ C. This is due to the cross-linking reactions which are more active at the high temperature of 200 ∘ C. The second peak (when time is 135 min) is more significant than that at 180 ∘ C, because high temperature is beneficial to imide reaction.
Results and Discussions
Isothermal Curing Characterization of DMA.
In order to describe the growth of dynamic mechanical properties of PMI during curing process quantitatively, the relative mechanical conversion is indicated as follows [45] :
where is the relative conversion and , 0 , and ∞ present the storage modulus at a time , at the onset (uncured PMI) and upon completion of the reactive process (fully cured PMI), respectively. The start point of the second stage of is regarded as the onset time and the final equilibrium value is regarded as the ending point of curing process. The relative mechanical conversion curves at 180 increase of undergoes a transition stage with a relatively slower change. However, the curves increased directly and rapidly in the high temperature range and the transition stage that existed in the low temperature range is not observed. It suggests that the growth mechanism of is different during two temperature ranges.
DMA is carried out to test the multiple frequency isothermal curing process of PMI. The curves under different temperatures and frequencies based on DMA data are analyzed to study the inner cause and mechanism which may result in the transition stage difference existing between different temperature ranges. As shown in Figure 4 , at 180 ∘ C, the curves of different frequencies coincide at prophase and anaphase, while they separate in the middle transition stage and the values of corresponding to the same time reduce as frequencies decrease, which shows the frequency correlation. What is more, the emergence of the peaks on the curves gradually delays as the frequencies decrease. However, as can be seen, the curves of different frequencies roughly coincide together at 200 ∘ C, which are independent of frequency. The noticeable frequency correlation at 180 ∘ C is not observed. What is more, the curves of different frequencies are well coincident and do not show the delay phenomena at 200 ∘ C. As thermosetting resin, the isothermal curing process of PMI demonstrates that there is a maximum glass transition temperature ,∞ below which the glass transition temperature will increase with the increasing of curing degree during the curing process. Thus, the system will enter into the glassy state and the reaction rate has a sharp decline when the glass transition temperature increases near the curing temperature . A paper has pointed out that glass transition would take place in the range of | − | = 20∼ 30 ∘ C [45] . The of PMI is 176.57 ∘ C (as shown in Figure 5 ). Frequency has an effect on the glass transition. The higher the frequency, the earlier the glass transition and the lower the glass transition temperature. Therefore, this explains why the frequency-dependent regions exist on the curves and curves during curing process of PMI. At low temperatures, glass transition takes place on a low degree of curing and the system completely enters into the glassy state at the last stage of cure. However, at high temperatures, glass transition takes place later when curing degree becomes high and only small part enters into the glassy state at anaphase. As a result, the curves at high temperature do not show a significant correlation with frequency.
Curing Kinetics Analysis.
Hsich has derived the curing kinetic equation of mechanical property diversification during curing process from relaxation phenomena in materials by the nonequilibrium thermodynamic fluctuation theory; it may be represented as follows [46] :
where is the mechanical property of the test system, is the chemical relaxation spectrum width, and is the chemical relaxation time. Avrami equation is derived by the thermodynamic method based on polymer crystallization process. In its classical form it can be expressed as [19] 
where is a temperature dependent kinetic constant, is the relative degree of cure, and is the Avrami exponent that is a reflection of nucleation and growth mechanism. However, if is replaced by and combining with (1), (2) can be alternatively written as
It is evident that Hsich's nonequilibrium thermodynamic fluctuation theory and Avrami equation have the same format by delimiting the relative conversion . Applying logarithmic properties to both sides of (3), the following equation could be obtained:
The modified Avrami equation could be used to get the kinetic parameters from the cure curves at different temperatures. A best fit line of the plot of ln[− ln(1− )] versus ln will provide parameter from the slope and from the intercept. The ln[− ln(1− )]-ln curves of PMI at different isothermal temperatures are presented in Figure 6 . The curves could be divided into two segments according to different slopes. The kinetic parameters obtained by the Avrami theory are listed in Table 1 .
Obviously, the values of 2 are less than those of 1 at different temperatures. Because is the reflection of growth mechanism, it is possible to judge that the growth mechanism of changes during curing process. Note: the subscripts 1 and 2 denote segments 1 and 2 in Figure 6 . Figure 7 shows the fitting results of isothermal curves of PMI by Avrami equation. It could be clearly seen that the fitting curves fit well with the experimental curves approximately, indicating that it is feasible for Avrami equation model to apply on the analysis of PMI curing process. Avrami equation is often used to study the crystallization process of crystal, so it could be inferred that the relative evolution of during PMI isothermal curing process is similar to the crystallization process of high polymer. It is known that the correlation between and can be shown as the following empirical equation [37] :
where is the activation energy, is the absolute temperature of cure, is the universal gas constant, and the Avrami exponent. Applying logarithmic properties to both sides of (6), the modified equation is obtained from which the activation energy can be calculated:
Advances in Materials Science and Engineering ∘ C∼190 ∘ C and 190 ∘ C∼200 ∘ C, respectively. It is clearly seen in Figure 7 that the slopes in two temperature ranges are different; in other words, the fact activation energies are different which indicates that the growth mechanism of changes in different temperature ranges. The parameters and are listed in Table 2 . The values of in high temperature range are larger than the corresponding values in low temperature range. The reason for this difference may be that the higher temperature is more conducive to the reaction within limits, while the activation energies in high temperature range are higher than those in low temperature Note: the subscripts 1 and 2 denote segments 1 and 2 in Figure 5 .
range. The possible reason for this abnormal phenomenon is that the cross-linking reaction is difficult to occur, leading to a high activation energy in this range. In the same temperature range, the values of on the first segment are larger than the corresponding values on the second segment. This result is due to the transformation from chemical control mechanism at prophase to diffusion controlled mechanism at anaphase. The decrease of activation energy of thermosetting system after obeying the diffusion controlled mechanism has been investigated [46] . It is clearly shown in Table 2 that the activation energies on the first segment are higher than those on the second segment, which further indicates that the reaction at prophase obeys the diffusion controlled mechanism. An alternative approach is the application of the modelfree isoconversional methods which allow for the evaluation of the activation energy as a function of the extent of the reaction, without assuming any kinetic model [20, 47, 48] . These methods including integral methods (Isoint methods) and differential methods (FR methods) shown in (8) and (9) are determined by the specific form of in the basic equation [49] :
where ( ) is kinetic function which depends on the conversion degree, is the frequency factor, is the curing time, is the activation energy at a constant value, and ( ) is the integral form of ( ) just shown as follows:
the subscript represents ordinal number of an experiment performed under constant temperature. It is the basic assumption of the isoconversional methods that the reaction rate at constant value is only a function of the temperature. Therefore, the activation energy ( ) in (8) could be determined from the slope of the plot of ln( ) versus 1/ , at constant value. Similar method is used to calculate the in (9) from the slope of the plot of ln( / ) versus 1/ , at a constant value. Vyazovkin has proposed that relative conversion rate could be used to calculate the activation energy when the isothermal curing reaction takes place below ,∞ [50] .
By applying the isoconversional methods to the DMA isothermal curing data, the relative mechanical conversion 8 Advances in Materials Science and Engineering Table 4 : Relative conversion at the maximum rate of of PMI at different isothermal temperatures in peak 1 and peak 2. rate as a function of conversion at different temperatures is shown in Figure 9 . Similar trend is observed in the range of 180 ∘ C∼190 ∘ C which is that there is a major peak at about 0.5 of and a weak peak before that. However, the curves have a noticeable difference at the temperatures of 195 ∘ C and 200 ∘ C. It is evident that two peaks appear on the curves implying the curing mechanism changes at high temperatures.
Because the curing mechanism changes as curing temperature increases, in order to identify the responsible reaction, peak separation is applied to the curve by Gauss fit method [51] , just shown as in Figure 10 . The coefficient of determination is a parameter to evaluate the goodness of fit. The closer the value is to 1, the better the fit is. Table 3 shows the value of in Gauss fit; the values are all above 0.97; it suggests the Gauss fit is good. Peak separation result is shown in Figure 11 where Figure 11 (a) shows the first peaks and Figure 11 (b) shows the second peaks. As can be seen, both peak 1 and peak 2 gradually increase with increasing temperature. Table 4 shows the value of corresponding to the maximum rate of in peak 1 and peak 2 at different curing temperatures. It is noteworthy that the results are basically in agreement with the common assumption of the isoconversional methods.
It should be noted that the presence of the two peaks evidences that peak 2 is a reflection of imidization reaction which takes place at about 0.5 of and peak 1 is a reflection of cross-linking reaction which has been shown in Schemes 3∼5. In what follows, we would concentrate on peak 2 in order to study the curing process of PMI by isoconversional methods. Figure 12 shows the activation energy curves of isothermal curing processes of PMI by isoconversional methods. Figure 12 is the evolution of activation energy obtained from Figure 11 during the curing process of PMI at different temperature ranges. It could be seen from Figure 12 that some values of the activation energy are negative when the value of is less than 0.4, which suggests that isoconversional methods are not applicable within this range. So the activation energies are calculated from 0.4 to 0.8. Simultaneously, the half-peak width is determined by that and the peak separation result shown in Figure 11 coincides well with that. As seen from Figure 12 , the linear relationships corresponding to the same are different in different temperature ranges (180 ∘ C∼ 190 ∘ C and 190 ∘ C∼200 ∘ C); that is to say, the activation energies are different. It could also be seen from Figure 13 that the activation energies corresponding to the same are different in different temperature ranges. It further proves that the growth mechanism of in different temperature ranges is different and the result is very near to that analyzed by Avrami equation.
In Figure 13 , similar increase trends of activation energy analyzed by different isoconversional methods are observed and the slight difference of the specific trend and exact value are associated most probably with the derivation of different methods. However, the increase trends of activation energy in different temperature ranges have a noticeable difference. In low temperature range, the activation energies first increase and then decrease with the increasing of . This is probably because the system enters into the diffusion controlled period which leads to the decrease of activation energy. While it is possible that the system enters into the diffusion controlled period prematurely due to the cross-linking reaction on prophase, as a result, the activation energy decreases in high temperature range [46] . The result is in agreement with that analyzed by Avrami equation.
Conclusion
In summary, from the results presented above, we could obtain the following conclusions. (1) The isothermal curing curves of PMI could be divided into three stages and the curves at 180 ∘ C and 200 ∘ C are different: at the second stage, the growth rate of and in the rapid mounting periods at 200 ∘ C is significantly faster than that at 180 ∘ C. The tan curves at 180 ∘ C and 200 ∘ C are similar in having two peaks, but with obvious differences in their peaks. Compared with the two peaks at 180 ∘ C, the first peak is significantly elevated and the second peak is more obvious at 200 ∘ C. are different in two temperature ranges, which suggests that the curing mechanism probably has changed.
